The mechanism for the palladium-catalyzed allylic C−H activation was investigated using a combination of experimental and theoretical methods. A Hammett study revealed a buildup of a partial negative charge in the ratedetermining step, and determination of the kinetic isotope effect (KIE) indicated that the C−H bond is broken in the turnover-limiting transition state. These experimental findings were further substantiated by carrying out a detailed density functional theory (DFT)-based investigation of the entire catalytic cycle. The DFT modeling supports a mechanism in which a coordinated acetate acts as a base in an intramolecular fashion during the C−H activation step. The reoxidation of palladium was found to reach an energy level similar to that of the C−H activation. Calculations of turnover frequencies for the entire catalytic cycle for the C−H alkylation were used to acquire a better understanding of the experimental KIE value. The good correspondence between the experimental KIE and the computed KIE values allows discrimination between scenarios where the acetate is acting in an intramolecular fashion (C−H alkylation) and an intermolecular fashion (C−H acetoxylation and C−H amination).
■ INTRODUCTION
Although synthetic chemists have shown that practically any molecule can be synthesized given the appropriate amount of resources, 1 there is still considerable progress to be made in terms of synthetic efficiency. Many popular synthetic methodologies are still undesirable from a green and sustainable chemistry perspective because they often employ hazardous or even toxic reagents and often result in stoichiometric amounts of byproducts. In recent years, C−H activation has emerged as a powerful and popular strategy for improving synthetic efficiency by imparting chemical reactivity on otherwise unreactive C−H bonds. 2 Especially C−H activation reactions catalyzed by Pd has seen some significant development. 3 An example of the recent development is the allylic C−H alkylation disclosed by White and Shi independently, 4, 5 in which the need for a classical leaving group (e.g., acetate, carbonate) is circumvented through C−H activation of a benzylic proton. 6 The stoichiometric activation of nonfunctionalized alkenes was first achieved by Trost and Fullerton in 1973, 7 but the lack of a catalytic version hampered the widespread use of this methodology. Attention was therefore focused on the further development of the catalytic protocol now known as the Tsuji−Trost allylation, which utilizes preoxidized substrates, for example, allyl acetates.
It was found by White and Shi that a full catalytic cycle of allylic C−H activation followed by functionalization could be achieved by adding stoichiometric amounts of oxidant, thereby producing the desired cross-coupling product in a manner similar to the classical Tsuji−Trost allylation, as shown in Scheme 1. However, the reaction has not yet gained the same level of sophistication as the Tsuji−Trost allylation in which a wide range of nucleophiles are tolerated. Furthermore, the reaction outcome of the Tsuji−Trost allylation can often be rendered chiral by use of a suitable chiral, nonracemic ligand on palladium. Some progress has been made in introducing chirality in the allylic C−H activation. 8 To allow for the further rational development of this transformation, we decided to carry out a detailed mechanistic investigation of the Pd-catalyzed allylic C−H alkylation with focus on the crucial C−H activation. In line with earlier work, we have selected to utilize both experimental and computational methods, 9 which is emerging as a powerful combination in current physical organic chemistry. More specifically, we have carried out a Hammett study employing a series of parasubstituted allylbenzenes using competition experiments. By monitoring competition experiments between allylbenzene and various para-substituted allylbenzenes, it was possible to determine the relative reactivities. Furthermore, we have synthesized a deuterated substrate, which has allowed us to determine the kinetic isotope effect (KIE) under conditions relevant for catalysis. As in earlier studies, we have complemented the experimental investigations with a theoretical study employing density functional theory (DFT).
■ EXPERIMENTAL STUDY
The mechanistic study includes Hammett studies, in line with earlier work, 10 in which the observed relative reactivity of different para-substituted allylbenzenes is used to characterize the rate-determining step. This method can also be used to differentiate between various reaction pathways on the basis of the quality of the fit against different sets of σ values (e.g., "normal", "cationic", "radical", or "anionic"), which then serves as a starting point for a computational investigation of the reaction. 9 In the current study, we have selected a set of parasubstituted allylbenzenes for competitive alkylation experiments. The allylbenzene substrates were tested in noncompetitive alkylation reactions using the standard conditions reported by White, and the alkylated products were obtained with yields and selectivities comparable to the results reported by White and co-workers. 4 We envisioned that their relative reactivity could be determined by means of a series of competition experiments. 11, 12 In these experiments, two substrates were alkylated simultaneously, and the relative disappearance of the starting material could be quantified by gas chromatography (GC) using an internal standard (Scheme 2).
Six different para-substituted allylbenzenes, of which five had been reported by White and co-workers to give 50−65% yield, E:Z isomer ratios of >20:1, and linear/branched ratios ranging from 1.7:1 to 12:1, were included in this study. 13 Samples were taken at the beginning of the reaction and at regular intervals, and GC quantified the disappearance of both allylbenzene itself and the para-substituted allylbenzene. Assuming that the two substrates follow the same mechanism, the reaction order in each component will be the same for both substrates in the competition experiment. If the reaction is first-order with respect to the substrate, the relative reactivity can be obtained as the slope of the line when ln(c x /c x,0 ) for one substrate is plotted against ln(c H /c H,0 ) for allylbenzene. As can be seen in Figure 1 , the good linear fits validate the reaction order assumptions.
The data from the competition experiments resulted in six straight lines, all with R 2 values above 0.99 ( Figure 1 ). With the relative reactivities in hand, the Hammett plot could now be constructed using σ values from the literature (Figure 2 ). 14 The slope of the line was positive, indicating that the reaction is accelerated by electron-withdrawing substituents in the para position of the allylbenzene substrates. The observed relative reactivities were in accordance with the "anionic" σ values (see the Supporting Information for correlations to other σ values), thus eliminating the possibility of the C−H activation being a hydride abstraction by the Pd catalyst, which would be expected to leave a partial positive charge on the remaining allyl fragment.
Instead, the positive slope (ρ = 0.37) shows that a negative charge is built up in the transition state (TS) of the ratedetermining step. This indicates that the C−H activation takes place through the abstraction of an allylic proton. To further support this interpretation, a deuterium kinetic isotope effect measurement was undertaken in line with earlier work. 15
■ DEUTERIUM KINETIC ISOTOPE EFFECT
To determine the KIE, d 2 -allylbenzene (2) was synthesized. The kinetic isotope effect was determined for three C−H activation reactions reported 16 with catalyst 1: the allylic C−H alkylation (a), 4 allylic C−H acetoxylation (b), 17 and allylic C− H amination (c) 18 (Scheme 3). The proposed catalytic cycle for the palladium-catalyzed allylic C−H amination is similar to the allylic C−H alkylation, the only difference being the use of different nucleophiles, and a similar mechanism can also be proposed for the C−H acetoxylation. It was investigated if the C−H activation step was also the rate-determining step of the catalytic cycles for these two related transformations. The obtained KIE values were compared with calculated values for possible proton abstraction mechanisms in the computational study.
In the allylic C−H alkylation (Scheme 3, a), a deuterium isotope effect k H /k D of 5.5 (±0.07) was determined (for further details, see the Supporting Information). A KIE of this magnitude indicates that the C−H bond is broken in the selectivity-determining step. Furthermore, such a pronounced KIE is compatible with mechanisms in which C−H bond cleavage is occurring simultaneously with carbon−palladium bond formation. 19 For the allylic C−H acetoxylation (Scheme 3, b), a slightly lower KIE of 4.5 was determined, supporting the theory of the C−H activation step being the ratedetermining step also in this variant of the methodology. Finally, a KIE value of 4.7 was determined for the allylic C−H amination (Scheme 3, c).
Furthermore, the KIE was also determined by two allylic C− H alkylation reactions run in parallel: one with allylbenzene and the other with 2. Hartwig recently pointed out the importance of this reaction setup for further elucidating the KIE value. 20 These experiments gave a KIE of 2.6 (±0.2), which implies that another step in the catalytic cycle has a TS that is of similar energy as the C−H activation TS (for further details, see the Supporting Information). The former KIE of 5.5 represents the difference in reactivity between the two substrates in the elementary step in which the C−H bond is broken, and the KIE of 2.6 is the difference in reactivity when including the full catalytic cycle. Since this latter value is lower, it clearly indicates that a second step in the catalytic cycle also have an important influence on the observed overall reaction rate. We interpret these data as a confirmation of the existence of a second step in the catalytic cycle, with a barrier similar to that of the C−H activation.
It was also investigated if deuterium scrambling occurred in the three C−H activation reactions, since this would indicate whether the C−H activation step is irreversible. Performing a comparative allylic C−H alkylation experiment between 2 and 4-allyltoluene showed no deuterium scrambling between the allylic substrates and no loss of incorporated deuterium in the linear product (see the Supporting Information). Since no deuterium scrambling is observed, the C−H activation step is irreversible under the experimental conditions employed in these reactions. Both the allylic C−H amination and the allylic C−H acetoxylation were then carried out using 2 and 4-allyltoluene to check for deuterium scrambling, but no scrambling was observed.
Performing the C−H activation on the deuterated substrate with stoichiometric amounts of 1 to form the bis[chloro(1,2,3trihapto-allylbenzene-d 1 )palladium(II)] complex, using the procedure with n-Bu 4 NCl reported by White and co-workers for the synthesis of the nondeuterated Pd complex, 4 proceeded smoothly and gave 61% yield after 5 h. NMR spectroscopy was used to verify that the complex had full deuterium content in the allylic position, as shown in Figure 3 , which is in accordance with a C−D activation without isomerization (see the Supporting Information).
■ COMPUTATIONAL STUDY
To gain further insight into the mechanism behind the allylic C−H activation, a computational study was carried out. This was performed with DFT employing the B3LYP functional with added dispersion interactions calculated using Grimme's D3 correction. 21 All structures, intermediates, and transition states were also determined with the M06 functional, since this functional is known to account for dispersion interactions efficiently in organometallic systems. 22 Since the M06 functional gave similar trends and approximately the same energy barriers as B3LYP-D3 in these investigations, the focus will be only on results calculated using B3LYP-D3. The basis set chosen for the study was LACVP* as incorporated in Jaguar v. 7.9, which entails an effective core potential (ECP) and basis set for palladium and a 6-31G* basis set for other atoms. The calculations were performed on the full substrate and ligand used in the experiments to allow a comparison between experiment and theory, which entailed using allylbenzene as the substrate. 23, 24 The ligand has a meso or a chiral racemic form, and for the calculations, the catalyst complex with the lowest energy was utilized, which was the complex with the chiral ligand. 25 On the basis of the proposed mechanism in Scheme 1, the first step is the coordination of the allylbenzene substrate to the catalyst. As expected when optimizing the structure of the precatalyst 1, the preferred square planar geometry for Pd(II) is obtained. Then, displacement of one acetate can take place upon which the allylbenzene substrate coordinates in the expected η 2 -fashion. Coordination of the alkene increases the Gibbs free energy by 60 kJ/mol because the alkene is not as competent a ligand as the acetate ion. However, because this ligand exchange involves molecules of different charge, this comparison is challenging. 26 Although it can be challenging to distinguish between different C−H activation mechanisms experimentally, much insight has already been gained using theoretical methods. 2b This includes the computational studies of the mechanism of cyclometalation in aromatic C−H activation by Davies and Macgregor 27, 28 and also studies on the mechanism of palladium-catalyzed intramolecular arylation by Maseras and Echavarren. 29 On the basis of the results from the Hammett study, the C− H activation step should involve a proton abstraction. However, this proton abstraction can take place through several distinct molecular mechanisms (Scheme 4).
The proton could be abstracted by either the sulfoxide ligand or an acetate anion functioning as an internal or external base. That an acetate anion can act as an internal base to facilitate the cleavage of a C−H bond has been reported previously with an iridium catalyst. 28, 30 For allylic C−H oxidation, White and coworkers have suggested that a carboxylate counterion on palladium is needed to effect C−H cleavage. 31 A carboxylate anion also plays a key role in the C−H activation step of the proposed Pd(II)/Pd(IV) catalytic cycle for an allylic C−H acetoxylation 32 or as a base in a recently published allylic acyloxylation. 33 Similarly, for allylic aminations, a carboxylate anion has also been suggested to be involved in the cleavage of the C−H bond. 34, 35 Indeed, the key role of acetate as an internal or external base has been proposed for several catalytic systems with Pd. 36, 37 Davies and Macgregor have published a computational study evaluating proposed aromatic C−H bond activation mechanisms involving palladium acetate. 27 On the basis of this, we have formulated five different C−H activation mechanisms involving a proton abstraction in Scheme 4. Scenarios A, B, C, and E all involve acetate ions; scenarios A and B have the acetate, which is abstracting the proton, coordinated directly to palladium. These two scenarios resemble two of the mechanisms reported by Davies and Macgregor, in which it was found that a six-membered TS was more favorable than a four-membered. 27 In addition, we have included two scenarios (C and E) in which the proton is abstracted by an external acetate ion. In scenario E, there is a vacant coordination site on palladium, which allows for the direct formation of an η 3 -coordinated allyl moiety.
However, when calculating energies for the initial allylbenzene complexes in scenarios A and E, scenario A was favored by 123 kJ/mol. Thus, it can be concluded that scenario E, in which no acetate is coordinated to palladium, is unlikely and can be excluded. The Gibbs free energy for the transition states of A, B, C, and D were determined, and the relative activation energies for the transition states are shown in Figure 4 .
The proton abstraction facilitated by the sulfoxide ligand, D ( Figure 5 ), resulted in an activation energy of 80 kJ/mol, making this scenario less favorable than A ( Figure 6 ), which had an activation energy of 68 kJ/mol. The energy barrier for B ( Figure 7) is only 2 kJ/mol lower than A, which makes a direct comparison difficult; however, this is in agreement with earlier studies reported by Davies and Macgregor, in which a sixmembered transition state was favored. 27 For C (Figure 8 ), a TS with an energy barrier of only 23 kJ/mol was found. Although this initially seems to be much more favorable than the other pathways, this result is very difficult to compare directly with A and B because of the added entropic cost of bringing in another acetate ion together with the palladium complex. This cost has previously been estimated as 40 kJ/ mol, 38, 39 which would potentially make C only 3 kJ/mol lower in energy than B.
Having obtained the result that three of the scenarios are very similar in energy (A, B and C), we proceeded to calculate the KIE for each of these pathways. The experimental value obtained for the C−H alkylation was 5.5, whereas a calculation of the KIE for A gave a value of 5.3. This is relatively close to the experimental value, but the calculated KIE for B was 5.5, matching the experimental value. It should be noted that breaking the C−H bond completely results in a KIE value of 6.0 at 45°C. It can be difficult to differentiate between the inter-and intramolecular base-assisted mechanisms, as pointed out by Echavarren and co-workers using DFT calculations. 40 However, in the current study, the calculated KIE value for C was 5.9, supporting an intramolecular base-assisted mechanism. This value is obtained when utilizing a reference structure for C in which the external acetate is 1.6 Å from the hydrogen on the substrate. However, the KIE for C is very dependent on the choice of reference structure for this particular C−H activation mechanism. For example, changing the starting point to a distance of 1.5 Å results in a KIE value of 3.9 (see the Supporting Information). The distance between acetate and hydrogen when a hydrogen-bonding interaction is established prior to the C−H activation was ∼1.48 Å, which indicates a much lower KIE value for C compared with A and B.
This trend of a smaller KIE value for C is in line with the observed experimental KIE value for the allylic C−H acetoxylation. This indicates that C, where the proton is abstracted by an external acetate, is the more dominating C−H activation mechanism in that reaction as a result of an excess of acetate present in solution. The experimental KIE value of 4.7 determined for the allylic C−H amination is between the two KIE values calculated for A and C, even though no AcOH was added to the reaction. However, in the amination reaction, a base is required, and this can act as an even better external proton abstractor than acetate and thereby lower the KIE value. When taken together, all the experimental results support a C− H activation mechanism in which acetate plays a pivotal role.
Determining the intermediates and transition states for the nucleophilic attack and reoxidation of the catalyst was also done, as is shown in Figure 9 .
After the C−H activation, the Pd catalyst is coordinated to AcOH and the formed allyl moiety in an η 1 -coordinated fashion. A total of 35 kJ/mol is gained by forming the η 3coordinated allyl−Pd complex in the next step. From here, a prereactive state for the nucleophilic attack can be defined, which increases the energy by 19 kJ/mol. The nucleophile can approach the allyl from various angles and with different conformations, and the formation of both a linear and a branched product is possible;however, calculations showed a favorable reaction path in which the nucleophile attacks from the opposite side of the coordinated Pd with a certain conformation (see the Supporting Information). Since the linear product is the dominating product from the reaction, this structure is utilized in the overall energy diagram. Comparing the average energy barriers for the possible nucleophilic attacks leading to the linear and the branched product gives a product ratio of 7.8:1, fairly close to the experimental ratio of 4:1. 4 The formation of the product and the reduction of Pd(II) to Pd(0) makes the overall energy of the system drop significantly.
The reoxidation of the catalyst has previously been investigated on a simplified system with DFT calculations by Poli and co-workers. 41 Utilizing these results but employing the full ligand for the catalyst gave a reoxidation pathway with energy barriers similar to those reported by Poli and coworkers, as expected. During the reoxidation, two hydrogen atoms are transferred from AcOH molecules to quinone, which is reduced to hydroquinone, and Pd is oxidized to regenerate the catalyst.
Using the AUTOF program developed by Shaik and Kozuch, the KIE for the whole catalytic cycle could be calculated from the TOF of the Pd-catalyzed allylic C−H alkylation. 42 This gave a KIE value of 4.1, which is not close to the 2.6 observed experimentally, but this value value is very dependent on small energy differences between the two dominating TS in the catalytic cycle. The fact that the value is smaller than the KIE determined on the C−H activation TS alone implies that the TS with the maximum energy in the reoxidation step has an impact on the overall reaction rate of the reaction.
The electronic properties induced by the sulfoxide ligand on the palladium complex makes the benzylic/allylic C−H bond more prone to cleavage. The calculated charges of the various carbon atoms in the allylbenzene substrate as it coordinates to 1 shows that charge from the benzylic/allylic position is being distributed into the coordinated olefin and into the aromatic system (see the Supporting Information). This lowers the pK a value of the benzylic protons, and C−H bond cleavage becomes much more facile. When the allyl-complex is formed, the 
■ CONCLUSIONS
The mechanism for the palladium-catalyzed allylic C−H activation has been investigated with a Hammett study, kinetic isotope effect determination, and density functional theory calculations. The Hammett study shows buildup of a partial negative charge in the rate-determining step, supporting a proton abstraction mechanism. Determining the KIE values for the palladium-catalyzed allylic C−H alkylation, acetoxylation, and amination further establishes that the C−H activation step is the rate-determining step in these reactions. Using DFT calculations, the various possible C−H activation mechanisms were investigated, and transition states for these mechanisms were determined. Calculating theoretical KIE values from these transition states showed good agreement with experimental KIE values and allowed discrimination between different plausible mechanistic scenarios. The comparison between experimental and theoretical KIE values supports a C−H activation mechanism in which acetate plays a pivotal role as an either internal or external proton abstractor. This insight into the allylic C−H activation mechanism paves the way for further improvement and expansion of this important methodology, and the good correspondence between experimental and theoretical results should allow for rational design of future C−H activation catalysts.
■ EXPERIMENTAL DETAILS
Glassware was dried in an oven at 140°C. All solvents were purchased from Sigma-Aldrich (HPLC grade) and were used as received. Dodecane, Pd[1,2-bis(phenylsulfonyl)ethane]-(OAc) 2 , 2,6-dimethylbenzoquinone, 4-allyltoluene, and 1-allyl-4-methoxybenzene were purchased from Sigma-Aldrich and were used without further purification. Allylbenzene and methyl nitroacetate were distilled before use. GC/MS analysis was performed on a Shimadzu QP5000 GC/MS instrument using electron impact as the ionization method and a 30 m × 0.25 mm × 0.25 μm Supelco Equity-1 capillary column. For the Hammett study experiments, procedure A was used: oven temperature started at 60°C for 5 min, followed by a ramp (20°C /min) to 250°C which was kept for 6 min. For KIE experiments, procedure B was used: oven temperature started at 60°C for 5 min, followed by a ramp (10°C/min) to 300°C, which was kept for 5 min. For deuterium scrambling experiments, procedure C was used: oven temperature started at 60°C for 5 min, followed by a ramp (12°C/min) to 280°C, which was kept for 2 min.
General Procedure for Hammett Study. To a screw cap vial, Pd[1,2-bis(phenylsulfonyl)ethane](OAc) 2 (0.05 mmol, 25 mg), 2,6-dimethylbenzoquinone (0.75 mmol, 102 mg), and a stir bar were added. Allylbenzene (0.25 mmol, 30 mg), parasubstituted allylbenzene (0.25 mmol) under investigation, methyl nitroacetate (1.5 mmol, 178 mg), AcOH (0.25 mmol, 15 mg), and dodecane as internal standard (0.125 mmol, 21 mg) were weighed out in a 1.0 mL vial and transferred to the catalyst mixture using dioxane/dimethyl sulfoxide (DMSO) (4:1) (1.5 mL). The reaction was sealed with a screw cap fitted with a PTFE septum and placed in an aluminum block preheated to 45°C. Samples of 0.05 mL each were withdrawn from the reaction mixture after 0, 0. mmol, 30 mg), nucleophile, and dodecane as internal standard (0.125 mmol, 21 mg) were weighed out in a 1.0 mL vial and transferred to the catalyst mixture. The reaction was sealed with a screw cap fitted with a PTFE septum and placed in an aluminum block preheated to 45°C. Samples of 0.05 mL each were withdrawn from the reaction mixture during the reaction time, diluted with diethylether (1 mL) and analyzed by GC/ MS.
For the allylic C−H alkylation reactions, methyl nitroacetate (1.5 mmol, 178 mg), 2,6-dimethylbenzoquinone (0.75 mmol, 102 mg), and AcOH (0.25 mmol, 15 mg) were added to dioxane/DMSO (4:1) (1.5 mL). Samples were taken from the reaction mixture after 0, 0.5, 1, 2, 4, 6, 8, and 24 h reaction time.
For the allylic C−H acetoxylation reactions, 2,6-dimethylbenzoquinone (1.0 mmol, 136 mg) wass added in CH 2 Cl 2 / AcOH (3 mL). Samples were taken from the reaction mixture after 0, 1, 3, 6, 24, 28, 32, and 48 h reaction time.
For the allylic C−H amination reactions, methyl tosylcarbamate (1.0 mmol, 229 mg), 2,6-dimethylbenzoquinone (1.0 mmol, 136 mg), and Et 3 N (0.03 mmol, 4 μL) were added to tert-butyl methyl ether (1.2 mL). Samples were taken from the reaction mixture after 0, 0.5, 1, 2, 3, 4, 6, and 8 h reaction time.
■ COMPUTATIONAL DETAILS
Visualization and comparison of structures were performed in Maestro version 9.1.107. 43 DFT calculations were performed with the B3LYP functional with added D3 corrections 21 (and all important structures, intermediates and transition states were also determined with the M06 functional for comparison 44 ) employing the LACVP* basis set, which uses the Hay− Wadt ECP and basis set for palladium, and the 6-31G* basis set for all other atoms. 23, 24 In the gas phase, intermediates and transition states were characterized by a full, analytic frequency calculation, which resulted in only positive frequencies for intermediates and exactly one imaginary frequency for transition states. Approximate Gibbs free energies in the solution phase (ΔG solv ) were obtained by combining the solution-phase energies (ΔE solv ) with the vibrational contribution from the gas phase (ΔG gas − ΔE gas ) in line with earlier work (ΔG solv = ΔE solv + ΔG gas − ΔE gas ). 10a A theoretical estimation of the kinetic isotope effect was performed using the available Hessian from the full frequency calculation by simply changing the isotope of the one benzylic/ allylic H atom prone for abstraction. To allow comparison with the experimental value, approximate Gibbs free energies in the solution phase (composite energy) were calculated for a temperature of 318 K.
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